Introduction
Nitrobenzene is one of the important aromatic nitro compound used as a solvent and as an intermediate for the manufacture of variety of organic compounds. Most nitrobenzene produced is converted to aniline, which has many downstream products. The nitration of benzene for commercial production of nitrobenzene (NB) is a well-established process, which has been used since about 1860 [1] . In the basic process a mixture of nitric and sulfuric acid is used as nitrating agent and strongly exothermic reaction is conducted in batch-or continuous reactors. Typically the nitrating agent is a mixture of 56-60 % (w/w) H 2 SO 4 , 27-32 % (w/w) HNO 3 , and 8-17 % (w/w) H 2 O at a reaction temperature of 50-90°C. The reaction mixture forms two phases and the rate of reaction is accordingly dependant on the kinetics and on the mixing efficiency. Sulfuric acid is gradually deactivated by water generated during the reaction and has to be replaced after deactivation.
Other conventional methods with several variations have also been proposed to produce mononitration of benzene. Single-phase nitration of benzene is carried out with a 2-4-fold excess of 98 % nitric acid at a reaction temperature of 20-60°C and ambient pressure and total conversion is claimed to be high [2] . Other azeotropic nitration of benzene conducted at 120°C -160°C with excess amount of benzene. Water generated during the reaction is removed as a water-benzene azeotrope and may be separated from the benzene, which is recycled to the reactor.
Vapor phase nitration of benzene to nitrobenzene over solid acid catalysts is expected to be a clean process without sulfuric acid waste, in contrast to the conventional liquid phase process which uses a mixed acid (concentrated nitric and sulfuric acid) as a nitrating agent and is accompanied with a large amount of dilute sulfuric acid waste. Many efforts devoted to developing a vapor phase process have been unsuccessful, because either the activity or life of catalysts was not satisfactory [3] .
R. Prins et al. [4, 5] have reported modified H-Y zeolite and a modified mordenite catalysts for the vapor phase nitration of benzene by dilute nitric acid. The modified mordenite kept high yield of nitrobenzene at a high space time yields.
Brei and coworkers [6] have reported the gas-phase nitration of benzene with 70% HNO 3 catalytic by superacid WO 3 /ZrO 2 catalyst at 170 o C under atmospheric pressure, with the yield of nitrobenzene in the range of 65-80% and 99% selectivity for mononitrobenzene. Although these solid acid catalysts showed good catalytic properties in nitration reaction, the recycling results of these catalysts were not referred, [7] [8] [9] [10] which are important evaluation criterions for an excellent catalyst applied in industrial application.
Sato et al. [11] [12] studied the vapor phase nitration of benzene over solid acid catalysts such as montmorillonite ion-exchanged with a multivalent metal ion, mixed oxides (e.g., TiO 2 -MoO 3 ), the same oxides treated with sulfuric acid at 500°C and heteropolyacids partially neutralized. Although supported sulfuric acid showed good results for the vapor phase nitration of benzene.
Gong Shu-wen et al. [13] reported that silica supported Cs 2.5 H 0.5 PMo 12 O 40 catalyst was prepared through sol-gel method with ethyl silicate-40 as silicon resource. The catalytic performance of the catalysts for benzene liquid-phase nitration was examined with 65% nitric acid as nitrating agent with high conversion (95%) in optimized conditions. Jin S. Yoo et al. [14] reported the metal oxides as catalysts for hydroxylation of benzene to phenol using nitric acid. Fe/Mo/SiO 2 catalyst showed good activity for hydroxylation of benzene to phenol via gas phase nitric acid oxidation because of its dual functions: Nitrobenzene was selectively formed below 370°C and selective phenol formation above 400°C.
Considering the potential of Fe/Mo/SiO 2 catalyst for vapor phase nitration of benzene, we investigated this catalyst in detail for its activity for nitration of benzene. The advantage of using vapor phase conditions is the continuous thermal removal of water and the simple implementation of a continuous nitration process based on a downflow fixed-bed of the solid acid. Elevated reaction temperatures, however, lead to problems of safety, catalyst stability, by-product formation, and therefore the optimization of the reaction parameters is highly desired.
II. Experimental

1 Catalyst Preparation 1. 1 Fe/Mo/SiO 2 :
Fe/Mo/SiO 2 catalyst was prepared by sol-gel process to obtain the catalyst with high surface area as well as for uniform distribution of Fe/Mo on silica support. Ethylsilicate-40 (CAS Registry No. 18954-71-7) was used as a silica source for the first time because of its higher silica content as well as low cost as compared to tetraethyl orthosilicate, which is generally preferred silica source for sol-gel synthesis of silica support in catalysis [15] . 250 g of ethylsilicate-40 was mixed with 250 ml of dry isopropyl alcohol under constant stirring. 5.225 g of ferric nitrate was dissolved in 100 ml of isopropyl alcohol and was added to ethyl silicate solution under vigorous stirring. 20.31 g of ammonium heptamolybdate was dissolved in 100 ml of water and was added to the above solution under constant stirring.
A viscous gel was obtained which was further stirred for another two hours and was kept overnight. A transparent solid product was obtained which was air dried and heated in an oven at 110°C for 12 hours. The product was further calcined at 450°C for 12 hours. The product was ground to fine powder, pressed in the form of pellet and granulated by crushing the pellet to -10 to +20 mesh size for use as a catalyst for reaction. The catalyst had the following composition.
0.2 MoO 3 : 0.01Fe 2 O 3 : 0.79SiO 2
1. 2 Mo/SiO 2 & Fe/SiO 2 :
The 15% Mo/SiO 2 and Fe/SiO 2 catalysts were similarly prepared by using ammonium molybdate and ferric nitrate respectively with ethyl silicate-40 as a silica source in the catalyst.
2 Catalysts Characterization
The catalysts were characterized by using XRD (Rigaku MiniFlex), SEM (Model JEOL JSM 5200), FT-IR (Nicolet 60, SX B), Thermal analysis (METTLER TA 4000 System), EDX (Kevex system), TPD of NH 3 (Micrometrics, Autochem-2910) and surface area (Omnisorb 100 CX, COULTIER corp., USA).
3 Reaction Procedure
Vapor phase nitration was carried out by using a down-flow glass reactor with a fixed catalyst bed at an atmospheric pressure. 10 g of granulated catalyst was loaded in tubular glass reactor of 15 mm diameter and 25 mm length. The upper part of the reactor was packed with inert ceramic beads as preheating zone. The glass reactor was fixed inside the heater and reaction temperature was controlled by the thermocouple inserted in the catalyst bed.
Diluted nitric acid (30 %) and benzene were introduced into the flow reactor (Sage feed pumps) with nitrogen as a carrier gas. The product was condensed at 5°C and collected in a receiver. The reaction product was extracted with diethyl ether, which was analyzed by gas chromatography using GC (HP 6890, column: HP-1, 30m, 0.25mm ID), GC/MS (SHIMADZU, column, DB-I).
III.
Results and Discussion 3. 1 Catalyst Characterization 3. 1. 1 X-ray Diffraction:
The X-ray diffraction (XRD) patterns of the sample were recorded to ascertain the phase purity of the sample. The XRD pattern of Fe/Mo/SiO 2 matched well with the reported MoO 3 pattern without any reflections of silica species indicating the dispersion of MoO 3 on amorphous silica (Fig. 1) . In case of Mo/SiO 2 with Mo content of 5-15 mol %, the catalysts were found to be amorphous showing high dispersion of MoO 3 on amorphous silica support and above 20 % MoO 3, the highly dispersed MoO 3 forms crystalline clusters visible in XRD pattern as reported earlier [16] [17] [18] . 
1. 2 Thermal Analysis:
The thermal stability of catalyst Fe/Mo/SiO 2 was tested using TG/DTA/DTG analysis. It showed that thermal stability of the catalyst upto 700 °C.
1. 3 FTIR spectra of chemisorbed pyridine:
FTIR spectra of chemisorbed pyridine at temperature 100 and 200 °C are showed in Fig. 2 . In spectra observed with two bands at 1450 and 1610 cm -1 were observed which are due to co-ordinatively bonded pyridine to the surface, i.e. due to Lewis acid sites [19] . The bands observed at 1630 and 1540 cm -1 is due to pyridinium ion formed on Brönsted acid sites (which is very weak and negligible). The intensity of band due to Lewis acidity was measured at 100 °C was very high, almost six times that observed at 200 °C. It shows that Lewis acidity in Fe/Mo/SiO 2 is also weak in nature. Scanning electron micrograph of Fe/Mo/SiO 2 is presented in the Fig. 3 . The micrograph reveals agglomerates of small particles in the range of 0.1-0.3 m.
1. 4 SEM Analysis:
1. 5 Surface Area measurement:
The surface area of the sample was calculated by the BET method [20] , is given in the Table 1 . The values show that H-beta is free from occluded impurities. The high surface area of supported Fe/Mo catalyst indicates that fine dispersion of Fe and MoO 3 on silica support.
1. 6 Temperature-programmed desorption (TPD) of ammonia:
Temperature-programmed desorption (TPD) of ammonia is a common method for investigating both the strength and the number of acid sites present on the surface of a solid acid catalysts [20] . TPD of Fe/Mo/SiO 2 , H-beta and Mo/SiO 2 are given below in Fig. 4 
2 Reaction Study 2. 1 Investigation of active catalysts for nitration of benzene:
Nitrobenzene is the main product in the nitration of benzene by nitric acid. The nitration of benzene is an exothermic reaction (ΔH = -117 kJ/mol), therefore the heat of reaction during vapor phase nitration needs to be removed to maintain the reaction temperature in the range of 100 to 200 °C. Use of dilute nitric acid would be an advantageous because heat is removed by steam generated from dilute nitric acid. It is also useful for generation of NO 2 + ion where as concentrated nitric acid produces nitrous oxide leading to low conversion of benzene to nitrobenzene. Considering these aspects benzene nitration was carried out using dilute nitric acid.
For comparison nitration of benzene was also carried out over various other solid acid catalysts using dilute nitric acid (30 %) at temperature 200 °C shown in Fig. 5 . Among these catalysts investigated, the mixed oxide catalyst comprising Fe/Mo/SiO 2 (I, Fe=0.72 & Mo=20 mol %) showed good yield of nitrobenzene with almost no decay of activity for 300h. Other solid acid catalysts such as Mo/SiO 2 (Mo= 20 mol %), MoO 3 , and various compositions of Fe/Mo/SiO 2 (Fe/Mo = 12/8 mol %, 10/10 mol %) showed less conversion and activity of the catalysts and conversion was decreased with time on stream. Fe/Mo/SiO 2 (I) was found to be active and having longer catalyst life. This may be due to the promotional effect of iron on the catalyst Fe/Mo/SiO 2 (I) [13, 15] . Comparison of activity of Fe/Mo/SiO 2 (I) catalyst with that of other compositions of Fe/Mo/SiO 2 catalysts shows that by increasing the amount of iron the conversion decreased as shown in Fig. 6 . It indicates that small percentage of iron in Fe/Mo/SiO 2 catalyst is significantly effective for the benzene nitration. As the temperature increased from 100°C to 300°C, the conversion increases and after temperature 200°C it start decreasing with formation of dinitro and other unidentified products in traces. The results of nitration of benzene over Fe/Mo/SiO 2 using dilute nitric acid (30 %) as a nitrating agent at weight hourly space velocity (WHSV) 0.087h -1 at nitric acid to benzene molar ratio 1.2 were shown in Fig. 7 . It showed that at 200 °C the conversion and selectivity were higher with no other byproducts, but at 250 °C it showed low conversion for nitrobenzene and formation of dinitrobenzene in traces. As temperature increased there may be less formation of nitronium ion and more formation of nitrous oxide decreasing the formation of nitrobenzene [20] . The catalyst Fe/Mo/SiO 2 exhibits dual function i.e. the formation of nitro product below 370°C and other is the formation of oxidation product above 400°C [15] . The influence of the HNO 3 /benzene molar ratio at temperature 200°C was examined over Fe/Mo/SiO 2 (I) catalyst with time on stream. In the Fig. 8 variation of conversion of benzene with time on stream of reaction for nitric acid to benzene ratio of 0.6 and 1.2 are presented. After initial increasing conversion, it decreases further on time on stream and later it remains almost constant as can be seen in the Fig. 8 . As nitric acid/ benzene ratio decreased the conversion also decreased. In the case of higher nitric acid to benzene molar ratio, as the available nitric acid was more, the conversion was also comparatively more. Dinitro formation was not observed below 200°C when HNO 3 /Benzene ratio was 0.6 because of less than stoichiometric amount of HNO 3 available. However at higher temperature and higher mole ratio of HNO 3 , dinitro product was also obtained in traces.
2. 3 Effect of WHSV on Nitration of Benzene:
The influence of WHSV on nitration of benzene at 200°C over catalyst Fe/Mo/SiO 2 (I) using dilute nitric acid at nitric acid to benzene molar ratio 1.2 is presented in Fig. 9 . An increase in WHSV decreases conversion, product yield and increases the oxidation and dinitro products. It showed that at lower WHSV (0.087h -1 ) the conversion was higher (86 %) indicating that an optimum residence of reactants is required for maximum conversion. 
IV. Conclusions
Nitration of benzene (BZ) using dilute nitric acid (30 %) is promoted by solid acid catalysts Fe/Mo/SiO 2 and related catalysts. Nitrobenzene was the major product and small amount of oxidation and dinitro products were formed. Among all catalysts studied, the Fe/Mo/SiO 2 (I) catalyst gives higher conversion and selectivity for longer period of time (> 300 hrs).
One of the major advantages of this reaction was the use of dilute nitric acid as a nitrating agent, resulting in high selectivity and longer catalyst life. The use of sulfuric acid is avoided, which is essential in the conventional process. This process is avoiding hazardous waste disposal, which makes the process environmentally friendly.
